Infrared reflectance measurements were made with light polarized along the a and c axes of both superconducting and antiferromagnetic phases of electron doped Nd 1.85 Ce 0.15 CuO 4ϩ␦ . The results are compared to characteristic features of the electromagnetic response in hole doped cuprates. Within the CuO 2 planes the frequency dependent scattering rate, 1/(), is depressed below ϳ650 cm Ϫ1 ; this behavior is a hallmark of the pseudogap state. While in several hole doped compounds the energy scales associated with the pseudogap and superconducting states are quite close, we are able to show that in Nd 1.85 Ce 0.15 CuO 4ϩ␦ the two scales differ by more than one order of magnitude. Another feature of the in-plane charge response is a peak in the real part of the conductivity, 1 (), at 50-110 cm Ϫ1 which is in sharp contrast with the Drude-like response where 1 () is centered at ϭ0. This latter effect is similar to what is found in disordered hole doped cuprates and is discussed in the context of carrier localization. Examination of the c-axis conductivity gives evidence for an anomalously broad frequency range from which the interlayer superfluid is accumulated. Compelling evidence for the pseudogap state as well as other characteristics of the charge dynamics in Nd 1.85 Ce 0.15 CuO 4ϩ␦ signal global similarities of the cuprate phase diagram with respect to electron and hole doping.
I. INTRODUCTION
The family of high temperature superconductors A 2Ϫx Ce x CuO 4 , where A is a rare-earth ion ͑Nd, Pr, Sm, Eu͒, has historically been considered an exception among copper oxides. Like all cuprates the basic building blocks of the structure are the CuO 2 layers. An important difference is that the superconducting phases of A 2Ϫx Ce x CuO 4 lack the apical oxygen above the in-plane copper atom found in most hole doped cuprates. The charge carriers in A 2Ϫx Ce x CuO 4 are electrons rather than holes as in all other cuprate families. 1, 2 These materials have a relatively low T c and early microwave measurements suggested the order parameter was s-wave 3 in contrast with the d-wave symmetry established for hole doped compounds. However, more recent microwave, 4 ,5 photoemission, 6 Raman, 7 and phase sensitive experiments 8 indicate that the order parameter in Nd 1.85 Ce 0. 15 CuO 4ϩ␦ ͑NCCO͒ and Pr 1.85 Ce 0.15 CuO 4ϩ␦ may in fact be d-wave. The most comprehensive infrared work on superconducting NCCO by Homes et al. 9 found weak electron-phonon coupling below T c , suggesting that NCCO, like other cuprates, is not a phonon-mediated superconductor. However, in contrast to other cuprates the in-plane superfluid was found to be anomalously large for a low T c material, causing NCCO to deviate significantly from universal Uemera plot. 10 These results leave the nature of the relation between electron and hole doped cuprates ambiguous.
Previous doping dependent infrared studies have found that the evolution of spectral weight from the insulating parent compounds through the superconducting phases is similar in both electron and hole doped cuprates. [11] [12] [13] Doping first moves spectral weight from above the charge transfer gap to the midinfrared, and then to the Drude peak at ϭ0. This implies that whether doped with electrons or holes the Mott-Hubbard insulator shows the same gross features in the electronic conductivity. Detailed studies on a variety of hole doped cuprates reveal a partial gap ͑pseudogap͒ in the spectrum of the low energy excitations. 14 The pseudogap state is recognized as one of the key characteristics of the ͑hole doped͒ cuprates and is believed to be intimately connected to the origin of high-T c superconductivity. 15 So far, there have been no reports for a similar pseudogap region on the electron doped side of the phase diagram. 16 With this in mind it is critical to determine whether there are principal differences in the fundamental interactions defining carrier dynamics and superconductivity in electron and hole doped MottHubbard insulators. In short the question ''Is NCCO a high temperature superconductor?'' 18 needs to be revisited. In this work we have determined the optical constants of Nd 1.85 Ce 0. 15 CuO 4ϩ␦ for both the as grown antiferromagnetic ͑AF͒ phase and oxygen reduced superconducting ͑SC͒ samples. Special attention is paid to the low energy ( Ͻ100 meV) physics. Through an analysis of the in-plane scattering rate, 1/(), we find compelling evidence for a pseudogap in the electron doped materials. The doping and temperature dependence of the pseudogap is shown to mirror the behavior found in hole doped cuprates. Another important result is concerned with the nonmonotonic behavior of 1 () in the far-infrared which is similar to that of disordered hole doped cuprates and suggests charge carrier localization. We have also examined the interlayer c-axis conductivity of NCCO. A sum rule analysis demonstrates that nearly all of the interlayer superfluid is accumulated from an energy scale in excess of 8⌬, where ⌬ is the superconducting gap. This paper is organized in the following manner. Section II gives a brief overview of the experimental procedure. The raw R() data and the Kramers-Kronig generated 1 () for both the a and c axis of the SC and AF samples are presented in Sec. III. Section IV follows with a discussion of the key results. In Sec. IV A we establish the existence of a pseudogap through the analysis of the in-plane scattering rate and discuss the implications of this result. Next, evidence for localization in the cuprates is presented in Sec IV B, and we elaborate on the impact of localization on both the dc and ac transport properties. Finally, Sec. IV C discusses the energy scale related to the interlayer superfluid response. We conclude by summarizing our results in Sec. V.
II. EXPERIMENTAL PROCEDURE
Single crystals of NCCO were prepared by the travelingsolvent-floating-zone method. 19 The as-grown crystals are not superconducting, but show antiferromagnetic order with T N ϭ125-160 K. 20 Superconductivity is achieved by deoxygenating the crystals. This process removes a small amount of apical oxygen atoms which are absent in the ideal structure. 21 The superconducting transition temperature of the deoxygenated sample is T c ϭ25 K as determined by measurements of magnetic susceptibility. This is close to the highest values reported for electron doped cuprates. Thus it appears that the deoxygenated sample is very near optimal doping.
The single crystals used in this study have a disk-like shape. The thickness of the disc is ϳ3 mm and the diameter is ϳ5 mm. The face of the disc is oriented in the a-c plane as verified by Laue diffraction. One face of the disc was polished, starting with a 5 m aluminum oxide film and ending with a 0.05 m aluminum oxide paste. The final surface had a mirror-like appearance.
The near normal reflectance was measured in polarized light from the far-infrared ͑FIR͒ to the near-ultraviolet. A Fourier transform spectrometer was used from 30 cm Ϫ1 to 18 000 cm Ϫ1 , and a grating monochromotor was used from 12 000 cm Ϫ1 to 48 000 cm Ϫ1 . c-axis reflectance spectra of the SC sample were extended down to 10 cm Ϫ1 with the Fourier transform spectrometer. After the reflectance was measured at various temperatures, the sample was coated in situ with gold or aluminum and the measurements were repeated at all temperatures, providing an absolute measure of the reflectivity. 22 The error in the absolute value of the reflectance is below 1%. The relative error in the reflectance measured at different temperatures does not exceed 0.1%.
To obtain the complex optical constants the KramersKronig relations were used. In order to extend the reflectance data to higher energies the reflectance of Pr 1.85 Ce 0.15 CuO 4 from 6 eV to 38 eV was adopted.
23 Above 38 eV the functional form Rϰ Ϫ4 was assumed. When extrapolating the reflectance to zero frequency a Hagen-Rubens model was applied in the normal state, and a two-fluid model in the superconducting state. The error in the reflectance has been propagated to the optical constants and combined with uncertainties introduced by the extrapolation procedure, and will be discussed in the text.
III. REFLECTIVITY MEASUREMENTS AND KRAMERS-KRONIG ANALYSIS
A. a axis Figure 1 displays the a-axis reflectance of the SC ͑panel A͒ and AF ͑panel B͒ samples in the FIR. The 292 K spectrum of the SC sample shows metallic behavior with a single phonon at 300 cm Ϫ1 . In the low temperature spectrum one can notice a weak structure between 400 cm Ϫ1 and 700 cm Ϫ1 . The reflectance of the SC sample shows a strong temperature dependence in the FIR. By 25 K the reflectance is up to ϳ5% above the room temperature spectrum. Between 150 cm Ϫ1 and 300 cm Ϫ1 the reflectance of the SC sample at 25 K rivals that of such excellent conductors as Cu, Al, and Au yet the dc transport measurements indicate that the sample is a rather poor conductor. 24 -26 The resolution of this ambiguity can be found in the reflectance data below 150 cm Ϫ1 . Instead of R() approaching 1 monotonically as →0 as in a metal, the reflectance decreases giving rise to a peak in R(). As will be demonstrated later, this is a consequence of having poor conductivity at ϭ0 which greatly increases at finite frequencies. One final peculiarity of the SC sample is the lack of temperature dependence below T c . The superconducting ͑7 K͒ reflectance increased slightly below 100 cm Ϫ1 , but at all higher frequencies the spectrum was identical to the data at T c ͑25 K͒ within 0.1%. The fact that the sample is truly a bulk superconductor can be confirmed by Fig. 4 were the c-axis reflectance changes dramatically below T c .
The FIR reflectance of the AF sample ͑panel B͒ is qualitatively different from its SC counterpart. The reflectance is lower at all temperatures and above 400 cm Ϫ1 decreases more quickly with increasing frequency. The phonon mode seen at 300 cm Ϫ1 in the superconducting sample is still clearly visible in the R() data of the AF sample. Three other modes that have been previously reported 17 can also be identified at 130, 340, and 510 cm Ϫ1 . In addition a broad ''hump'' structure extending from 250-450 cm Ϫ1 is observed which grows in intensity as the temperature is lowered. No downturn in R(→0) is found in the measured frequency range.
The right panel of Fig. 1͑c͒ shows the a-axis reflectance over an extended frequency range for both the SC and AF samples at 292 K and 25 K. The dominant feature of R() in both samples is a plasma minimum at ϳ11 000 cm Ϫ1 . The reflectance of the SC sample is ϳ10% higher than that of the AF sample in the midinfrared, but drops below it near the plasma minima. In the SC sample R() at 25 K smoothly joins the room temperature reflectance before the plasma minimum. In contrast to this behavior, in the AF sample the 25 K curve crosses the 292 K spectrum at 1000 cm Ϫ1 and in the low temperature spectrum reveals a partial gap-like depression at Ͻ4000 cm Ϫ1 . This structure has previously been reported by Onose and co-workers.
17 Figure 2 shows the real part of the conductivity, 1 (), for the a axis of the SC sample generated from the R() data in Fig. 1 . The most prominent feature is the peak in 1 () below 100 cm Ϫ1 . This should be contrasted with the behavior of conventional metallic systems which can be described by the Drude model
where is the charge carrier lifetime, and p is the plasma frequency which is determined by the ratio of the carrier density to effective mass. This form of the conductivity is a Lorentzian centered at ϭ0. The peak in 1 () at 0 observed in NCCO signals a departure from conventional metallic transport. This is also evident from the nonmonotonic behavior of R() displayed in the top panel of Fig. 1 . The peak in 1 () grows in strength and softens as the temperature is lowered. In the superconducting state the peak frequency shifts to 55 cm Ϫ1 and peak height is slightly reduced. The inset of Fig. 2 shows the 292 K and 25 K spectra, where the y axis is nearly an order of magnitude smaller than in the main figure, and the scale of the x axis extends up to 4000 cm Ϫ1 (Ӎ0.5 eV). It is clear that the peak is a robust feature seen even at room temperature. Also notice that the 25 K curve is nonmonotonic above the peak, showing a local minimum at 400 cm Ϫ1 . At higher frequencies 1 () decays slower than expected from Eq. ͑1͒.
In Fig. 3 1 () is shown for the AF sample. The electronic background of 1 () at 292 K is rather flat with the exception of a step-like feature near 400 cm Ϫ1 . At 25 K a broad resonance is observed at 50 cm Ϫ1 ϽϽ300 cm Ϫ1 . The AF sample has a semiconducting resistivity, so as FIG. 2. Far-infrared conductivity for the a axis of the SC sample. At all temperatures there is a finite frequency peak in 1 (). The peak grows in intensity and softens as the temperature is lowered to T c . Below T c the peak's intensity is slightly reduced as it further softens. The inset shows 1 () at 25 and 292 K up to 4000 cm Ϫ1 where the y axis has been reduced by nearly an order of magnitude. The peak is clearly visible even at 292 K. The inset shows the canonical pseudogap behavior of 1 () as seen in the underdoped hole cuprates. As the temperature decreases the low frequency peak narrows below a characteristic frequency (Ӎ650 cm Ϫ1 ).
FIG. 3.
a-axis conductivity of the AF sample at 25 and 292 K. Below 300 cm Ϫ1 a broad resonance develops in the low temperature spectrum which is absent at 292 K. In addition, the 25 K spectrum shows a minimum near 400 cm Ϫ1 similar to the SC sample. The inset shows 1 () for frequencies up to 8000 cm Ϫ1 (Ӎ1 eV). At low temperatures an absorption peak becomes visible near Ӎ2200 cm Ϫ1 .
→0 the 25 K curve is expected to drop below the 292 K spectrum. As in the SC sample a minimum develops near 400 cm Ϫ1 in the low temperature spectrum. The inset shows 1 () over an extended energy region for several different temperatures. At low temperatures a peak in the absorption emerges at Ӎ2200 cm Ϫ1 .
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B. c axis
The c-axis reflectance for both the SC ͑solid lines͒ and AF ͑dashed-dotted line͒ samples is shown in Fig. 4 . The two samples are very similar over most of the frequency range. The FIR reflectance is dominated by three strong phonon modes at 134 cm Ϫ1 , 268 cm Ϫ1 , and 507 cm Ϫ1 ͑right panel͒. At higher energies a flat featureless reflectance is observed up to 40 000 cm Ϫ1 (ϳ5 eV), after which the reflectance begins to rise. Both samples showed some temperature dependence in the phonon region. Above 700 cm Ϫ1 the reflectance of both samples was independent of temperature. Also note that at Ͼ60 cm Ϫ1 the reflectivity of the SC sample is the same above and below T c . The left panel shows the detailed temperature dependence of the SC sample in the low energy region. At TϭT c the reflectance is nearly flat with just a slight upturn as →0. As the sample becomes superconducting a plasma minimum develops due to the screening by the superconducting current. This minimum deepens and moves to higher frequencies as the temperature is reduced.
Some of the key parameters defining the c-axis electrodynamics of the normal and superconducting state can be determined directly from the raw R() data. For this purpose we show the low frequency R() data for the SC sample at 7 K and 25 K in the left panel of Fig. 5 . The location of the minimum in R() is the screened plasma frequency, p * .
The screened plasma frequency quantifies the superfluid density, s : p *ϭͱ s /⑀ ϱ , where s ϰn s /m* and n s is the density of paired electrons and m* is their effective mass. The reflectance can be expressed in terms of the dielectric function as R()ϭ͓(ͱ⑀Ϫ1)/(ͱ⑀ϩ1)͔ 2 . By letting ⑀ϭconst, we can account for the nearly flat reflectance at T c and just above the plasma minimum at lower temperatures below the frequency of the first phonon. Specifically a value of ⑀ϭ17, gives a constant reflectance of 37% ͑dashed line͒. With this value of ⑀ and the location of the minimum in R() we determine s ϭ3600 cm Ϫ2 which corresponds to a c-axis penetration depth of c ϭc/ͱ s ϭ26 m. This value is confirmed by an analysis of the dielectric function generated from a Kramers-Kronig transformation of R(). Along these same lines we can gain an estimate for the dc conductivity at T c directly from R(). We model the upturn seen in the reflectance of the 25 K spectrum as →0 with ⑀ and Eq. ͑1͒. A reasonable assumption for the spectra seen in Fig. 5 is 1/ӷ100 cm Ϫ1 , therefore there is only one free parameter, p 2 ϭ dc , and we obtain an excellent fit to the data with dc ϭ1. . From the location of the minimum in R() and this value of ⑀ we find c ϭ26 m as described in the text. Additionally using ⑀ and Eq. ͑1͒ we fit ͑dashed line͒ R() at 25 K with (ϭ0) as the free variable and obtain a best fit with (ϭ0)ϭ1.5 ⍀ Ϫ1 cm Ϫ1 . Right panel: electronic contribution to 1 () in the SC sample below the first phonon. Notice the nontrivial temperature and frequency dependence above and below T c . The inset shows the peak in the loss function due to the development of the superconducting condensate.
to the conductivity is extremely weak. For example, 1 ( ϭ10 cm Ϫ1 )ϭ1.5 ⍀ Ϫ1 cm Ϫ1 at 25 K, which is the same value as was obtained from the fit of R() in the left panel. Below T c the temperature dependence of the low frequency conductivity is anomalous; at 10 cm Ϫ1 1 (T c )Ͼ 1 (T ϭ7 K), however by 50 cm Ϫ1 1 (T c ) has dropped below the conductivity at 7 K. Also notice that 1 (Tϭ19 K) is greater than 1 (T c ) throughout the entire frequency range depicted in Fig. 5 .
An example of the error in 1 () is shown at 95 cm
Ϫ1
for the Tϭ25 K spectrum. The error was calculated by propagating the uncertainty in the reflectance, and taking into account variations caused by different extrapolations of the reflectance to high and low frequencies. For the present analysis it is important to distinguish between absolute and relative errors. The absolute error is shown by the large bars to be Ϯ1 ⍀ Ϫ1 cm Ϫ1 . The relative error in the temperature dependence is an order of magnitude smaller and shown by the small bars.
IV. DISCUSSION
A. Electron dynamics in the CuO 2 plane: Pseudogap
A unique characteristic of the electron doped cuprates is the manner in which superconductivity is induced in the phase diagram. The as-grown crystals of Nd 2Ϫx Ce x CuO 4ϩ␦ progresses from an insulator at xϭ0 to a metal at xϭ0.21 without the appearance of a superconducting phase. The superconducting state can only be realized by annealing the as-grown crystals in an oxygen free atmosphere. 27 While this procedure reduces the oxygen content by only Ӎ1%, 28 the changes in 1 () throughout the infrared are significant. What can be drawn from Fig. 2 and Fig. 3 is that the AF sample is under doped with respect to the SC sample. To quantitatively compare the differences in 1 () Fig. 6 shows 1 SC ()Ϫ 1 AF () below 14 000 cm Ϫ1 . In the SC sample the midinfrared absorption is reduced, while the low frequency (Ͻ1300 cm Ϫ1 ) absorption increases. The inset shows the effective spectral weight, N eff () ϭ͐ 0 1 (Ј)dЈ, for both the SC and AF sample. While the low energy spectral weight grows more quickly in the SC sample, N eff () is nearly equal by 12 000 cm Ϫ1 (Ӎ1.5 eV) for the two materials. 29 This effect is similar to the result of Ce doping from xϭ0.12 to xϭ0.2 in oxygen reduced Pr 2Ϫx Ce x CuO 4ϩ␦ . 11 The deoxygenation process that takes the AF sample into the superconducting phase appears to be similar to the doping processes in hole doped cuprates. Spectral weight is transferred to lower energies which enhances the metallic response and induces superconductivity.
We now turn to the analysis of the evolution of electron dynamics associated with changes of carrier density from the underdoped ͑AF͒ region to the optimally doped ͑SC͒ sample. A useful optical constant within the context of this discussion is the frequency dependent scattering rate:
͑2͒
In Fig. 7 we plot 1/() for both the AF sample ͑left panel͒ and the SC sample ͑right panel͒. 31 Looking first at the right panel we see that above ϳ650 cm Ϫ1 1/() varies nearly linearly with . However, at lower frequencies 1/() drops faster than this linear trend. The low frequency suppression is strongest at 25 K, yet persists even at room temperature. The top of the ''shoulder'' in 1/() is chosen as the frequency, ⌰, characterizing the low energy depression of 1/(). Ϫ1 in the SC sample the frequency dependence is linear. At Ͻ⌰, 1/() is suppressed faster than a linear extrapolation of the high frequency data. This suppression can be seen at all temperatures, but is most pronounced at T c . In the superconducting state ͑not shown͒ the spectrum is nearly the same as at TϭT c . The AF sample shows a similar, but sharper threshold ͑arrow͒ also at 650 cm Ϫ1 . These spectra should be compared to the 1/() data for hole doped materials in Fig. 8 .
Turning to the AF sample we again see the low frequency suppression of 1/() which is now much more pronounced. In addition, the magnitude of the scattering rate is nearly twice that of the SC sample. However, the characteristic frequency remains at ⌰ϭ650 cm Ϫ1 as in the SC sample. The frequency dependence of 1/() also remains nearly linear above ⌰, 32 but there is less temperature dependence in this region than found in the SC sample.
Several features of 1/() described above for NCCO are characteristic of the pseudogap state in hole doped cuprates.
14,30,33,34 Figure 8 shows typical 1/() spectrum for under-and weakly over-hole-doped Bi 2 Sr 2 CaCu 2 O 8ϩ␦ ͑Bi2212͒.
33 Examining first the underdoped compound in the left panel, the most prominent feature is the depression of 1/() below Ӎ700 cm Ϫ1 in both the normal and superconducting state. This depression is absent at 292 K were the linear high-trend continues to the lowest frequencies, yet is clearly well developed at TϾT c . This reduction of the scattering rate has been attributed to the opening of a partial gap, or pseudogap, in the density of states. In Bi2212 and other hole doped cuprates the pseudogap has been shown to have the same d x 2 Ϫy 2 symmetry and similar magnitude as the superconducting gap. 35 Turning to the overdoped sample in the right panel we see that the feature in 1/() is now only observed in the superconducting state. The overall magnitude of the scattering is much smaller, and at high frequencies 1/() is temperature dependent. The doping dependent trends of 1/() are consistent with a variety of other measurements: 14 in the underdoped phase a pseudogap opens at a temperature T*ϾT c , with an energy scale ⌰Ӎ2⌬, while the pseudogap is absent above T c in the overdoped phase.
Looking back at the NCCO data in Fig. 7 we can see several features that are common to 1/() in the hole doped cuprates. The onset of the depression in 1/() remains at ⌰ϭ650 cm Ϫ1 , independent of doping. The magnitude of 1/() is higher in the underdoped samples, and the onset of the depression is much sharper. As doping increases the low energy suppression of 1/() is weakened. In addition a strong temperature dependence is observed across the energy range displayed for the more heavily doped samples. There are a few marked differences with the NCCO data. First, 1/() in the superconducting state ͑not shown͒ is nearly identical to the 25 K spectrum above 150 cm Ϫ1 . This is a result of an anomalously small superfluid density, as will be discussed in the next section. The second main difference is that the depression in 1/() is observed at all temperatures, suggesting T* exceeds 292 K in both the AF and SC samples. This latter result may resolve a long standing discrepancy between the linear temperature dependent resistivity of optimally doped hole cuprates 36 and the nearly quadratic temperature dependent resistivity in NCCO. In the pseudogap state (TϽT*) (T) decreases faster than linear with decreasing temperature, possibly accounting for the anomalous behavior found in NCCO. In fact recent experiments have found a nearly linear (T) at TϾ292 K in NCCO. 37 The observation of a pseudogap in NCCO (T c ϭ25 K) with a characteristic temperature T*Ͼ300 K, has significant implications on our theoretical understanding of this phenomenon. In particular, our data suggest that the pseudogap may be distinct from the superconducting gap. Determining the relationship between the pseudogap and superconducting state has become a central problem in the field of high temperature superconductivity. 15 Because many electronic properties such as Fig. 8 ͑left panel͒ and others 35 evolve smoothly from the pseudogap to superconducting state, the pseudogap is often considered a precursor of the superconducting gap. In addition, the similarities of the energy scales associated with the pseudogap and superconducting states has also been used to support this view. In contrast, in the present experimental work these two energy scales are much different. The pseudogap energy scale, ⌰, extracted from 1/() is roughly the same as found in the hole doped cuprates ͑about 5-10 % less͒. However, recent photoemission work 6 on NCCO indicate that the superconducting gap is as small as 2⌬ Ӎ3 meV, more than an order of magnitude smaller than ⌰. These data clearly suggest that in NCCO the pseudogap, as determined from 1/(), is not the same as the superconducting gap. Whether this conclusion will hold in other cuprates where the two energy scales are very similar will require further study.
A complimentary interpretation of the pseudogap structure in 1/() may be formulated in terms of charge carriers coupling to a collective mode. [38] [39] [40] At the energy of the mode a new channel of scattering opens for the charge carriers leading to an increase in 1/(). 41 From an inversion of the 1/() curve the spectrum of the collective mode W() can be estimated, 42 W͑ ͒ϭ 1 2
͑3͒
The top panel of Fig. 9 shows 1/() at 10 K along with the above inversion. ͑right panel͒ ͑Ref. 33͒. In the underdoped compound a gap in 1/() ͑marked by arrows͒ opens well above T c , while in the overdoped compound the gap only opens in the superconducting state. Above the gap, 1/() is independent of temperature for the underdoped system, while it is temperature dependent at all frequencies in the overdoped phase. ϭ400 cm Ϫ1 . Also included in Fig. 9 is a representative collection of 1/() spectra and their corresponding W() for several different families of electron and hole doped cuprates including single, double, and triple layer materials. 34, [43] [44] [45] In all of the materials inversion of 1/() produces similar structure in W(). Recently W() derived from the 1/() spectra in YBa 2 Cu 3 O 7Ϫ␦ ͑YBCO͒ has been attributed to antiferromagnetic fluctuations seen as a 41 meV peak in inelastic neutron scattering experiments. 42 However, this peak has only been observed in YBCO ͑Refs. 46 and 47͒ and Bi2212. 48 Clearly, the remarkable similarities of 1/() and therefore W() found in different families of cuprates shown in Fig. 9 calls for a uniform description of this feature, rather than ad hoc scenarios for each compound.
While the microscopic origin of the low depression in 1/() is unresolved, it is clearly a feature common to all families of cuprate superconductors. This global similarity of the low energy charge dynamics is in agreement with the suggestion that the pseudogap is a generic feature of the doped Mott-Hubbard insulator. 49 In addition these results support the idea that the key features of the low energy charge dynamics in high-T c cuprates are the same for both electron and hole doped materials.
B. Localization in the cuprates
We now turn to the discussion of the low frequency inplane conductivity. As pointed out earlier the SC sample shows a peak in 1 () below 100 cm Ϫ1 . The peak is unusual because it signals a qualitative departure from a free carrier response. In a wide variety of elemental metals the response of the charge carriers is adequately represented by the Drude model ͓Eq. ͑1͔͒. 50 In more complex materials in which 1 () deviates from the Lorentzian form suggested by Eq. ͑1͒ the conductivity still remains monotonic as →0. The peak in 1 () at a finite frequency is indicative of charge carrier localization. 51 In the regime of low dimensionality the electron gas is particularly susceptible to localization effects arising from disorder. Examples can be found in 1D organic conductors 52 and 2D field effect devices. 53 Localization effects should also not be surprising in the cuprates where the nearly decoupled CuO 2 layers give rise to a quasi-2D system. In optical studies of controlled induced disorder in ion irradiated YBa 2 Cu 3 O 6.95 ͑Ref. 54͒ and Zn doped YBa 2 Cu 4 O 8 ͑Ref. 55͒ a finite frequency peak in 1 () progressively developed with the introduction of disorder. Other cuprates may show ''intrinsic'' disorder due to the substitutional process which controls the charge carrier density and induces superconductivity. NCCO may fit in this latter category, 56 because the oxygen reduction process leaves a random distribution of oxygen vacancies. Another example of an ''intrinsically'' disordered system is Bi 2 Sr 2Ϫx La x CuO 4 , 57 where an inhomogeneous distribution of La and Sr doping may give rise to the observed localization effects. [58] [59] [60] To compare with the NCCO results Fig. 10 shows an example of peaks in 1 () in hole doped Bi 2 Sr 2Ϫx La x CuO 4 for two different levels of La doping. 57 The main panels show the conductivity in a similar fashion to Fig. 2 and the insets show the R() data. Three temperatures are displayed: Tϭ10 K, T c ͑28 K for xϭ0.3 and 25 K for xϭ0.4), and 292 K. The most important feature for this discussion is the obvious maximum seen in R() spectra near 150 cm Ϫ1 in both crystals. As discussed earlier the nonmonotonic behavior of R(→0) is a clear indication of a finite frequency peak in 1 (). As the main panels show the peaks in 1 () are similar to that seen in NCCO ͑Fig. 2͒. The peak in the xϭ0.4 sample is at 90 cm Ϫ1 and in the xϭ0.3 sample it is slightly lower but less well defined. In the superconducting state the peak in both samples softens.
One puzzle with the localization effects observed in the optical conductivity of NCCO and other cuprates is the per- sistence of ''metallic'' dc resistivity ͑positive d/dT). Conventionally the peak in 1 () is accompanied by an activated dc transport. Moreover, the frequency of the peak in 1 () agrees well with the activation energy extracted from the resistivity data for 2D electron gas in Si field-effect transistors. 53 Nevertheless, a coexistence of the ''metallic'' resistivity and the peak in 1 () is a robust result reported for a variety of cuprates. This enigma can be qualitatively understood by considering the complexity of the Fermi surface in the cuprates. 61 The dc conductivity primarily probes the quasiparticles at the zone diagonal where the d-wave gap has nodes. The optical conductivity is also dominated by the nodal regions. However, electronic states at the zone boundaries ͓(,0) or (0,)] are also sampled through the IR measurements as evidenced through the observation of the d-wave pseudogap. 30, 34 According to recent photoemission results, with the systematic addition of impurities, states develop within the gap at (,0). 62 This has recently been confirmed through the observation of intragap resonances with scanning tunneling microscopy. 63 We believe that these resonances may be connected with the peak observed in 1 (). At the same time the dc transport is effectively shunted by the highly mobile nodal quasiparticles and therefore remains relatively insensitive to the dramatic changes close to the zone boundary.
The effects of disorder are also expected to be prominent in the superconducting state. In a d-wave superconductor disorder leads to pair breaking, 64 and will therefore decrease the total amount of superfluid. Infrared studies have shown that with increasing disorder the superfluid density ( s ) is systematically depleted while a concomitant growth of the finite frequency peak in 1 () is observed. 54, 55 In NCCO we also observe an anomalously small superfluid density. This can be demonstrated from the following sum rule:
where the superscripts N and S refer to the normal and superconducting state. Applying Eq. ͑4͒ to the data in Fig. 2 at 7 K and 25 K with the integration cutoff W c Ͼ1 eV we obtain 4ϫ10 7 cm Ϫ2 . This is only 4% ͑Ref. 66͒ of the spectral weight of 10 8 cm Ϫ2 which corresponds to the penetration depth of ϳ1500 Å reported by microwave and magnetic measurements. 3, 67, 68 A similar suppression of s is found in the data for Bi 2 Sr 2Ϫx La x CuO 4 in Fig. 10 and was also reported for other cuprates where a peak in 1 () is observed. 54, 55, 57, 44, 45 In contrast to our results, Homes et al. 9 found a value of ϭ1600 Å from the above sum rule analysis, and did not observe a finite frequency peak in 1 (). One possible explanation is that the T c ϭ23 K crystal was slightly overdoped with respect to the crystals measured in this study. In the overdoped phase the interlayer coupling of the CuO 2 planes increases and a more 3D character develops, making samples less susceptible to localization effects. Doping dependent studies on NCCO and other cuprates showing signs of localization would help clarify this matter.
C. Interlayer transport
In contrast to the changes in the a-axis optical response when varying the oxygen content, there is very little difference between the SC and AF samples along the c axis ͑Fig. 4͒. The matrix element that dominates interlayer transport in cuprates has been show to have the same symmetry as the d-wave gap: nodes at (,) and antinodes at (,0). 69 Therefore our polarized infrared measurements can be viewed as an indirect probe of doping dependent changes in the Fermi surface topology. If this interpretation is applied to the results shown in Fig. 4 , one can conclude that the oxygen reduction procedure that induces superconductivity has very little effect on the Fermi surface near (,0). This is also confirmed by the observation of a pseudogap ͓which is a (,0) effect 35 ͔ in the in-plane scattering rate for both the AF and SC samples. In contrast, Figs. 1-3 show that the low energy excitations on other parts of the Fermi surface are dramatically altered. Thus, the oxygen reduction process appears to have the largest impact near the zone diagonals. Angle resolved photoemission and other k-dependent probes would be useful in confirming this result.
The most obvious change in the interlayer transport with oxygen doping is the low frequency plasmon that develops due to the presence of superconducting carriers. From the location of this plasmon a value of c ϭ26 m is found ͑Sec. III B͒, in good agreements with Terahertz transmission measurements on thin films of NCCO. 70 It has been shown 71, 72 that a universal correlation exists between c and 1 (→0, T c ) in the hole doped cuprates. This correlation is given by c Ϫ2 ϭ⍀ 1 (→0, T c ), where ⍀ is related to the energy scale from which the superfluid is collected. The thick line in Fig. 11 represents this correlation for hole doped cuprates. 72 Other anisotropic superconductors that have conventional normal and superconducting properties also follow this correlation ͑thin line͒ but have a smaller constant of proportionality ⍀. Organic superconductors, Josephson junctions prepared from elemental metals, transition metal dichalcogenides, and granular films belong to this latter group. Our results for NCCO are shown in the plot as a star. NCCO clearly belongs to the same universality class as the hole doped cuprates. The origin for the different scaling behavior between the cuprates and other anisotropic superconductors is as yet unresolved, but may be related to the incoherent nature of the conductivity discussed below.
In order to understand the impact of the superconducting transition on the interlayer transport it is useful to examine the distinct contributions to (). In the superconducting state the conductivity can be represented by two components:
The first term represents the paired carriers and is given by () is outside of the range of our experiment, the formation of s which gives rise to this term can be seen in the energy loss function, Im(Ϫ1/⑀), plotted in the inset of Fig. 5 . In a conducting material the loss function shows a peak at a frequency proportional to the carriers plasma frequency. Looking at the plot of Im(Ϫ1/⑀) we see that at TϭT c ͑thin black line͒ the loss function is flat and featureless corresponding to an overdamped plasmon. As the temperature is reduced below T c a sharp resonance develops signaling the formation of s .
The development of s must be contrasted with the behavior of 1 () in Fig. 5 . From the sum rule ͓Eq. ͑4͔͒ we see that as s increases there should be a corresponding decrease in 1 S () at finite frequencies. What is actually observed is much different. At 19 K, where the peak in the loss function indicates a nonzero superfluid density, 1 () is larger than the normal state curve at all frequencies shown in Fig. 5 
⌬K represents the contribution to ␦(0) from the experimentally inaccessible integration region. For the c axis, above 120 cm Ϫ1 the electronic component of the conductivity is overwhelmed by the response of the phonons. Therefore the limit of integration is taken as W c ϭ120 cm Ϫ1 , which corresponds to ϳ8⌬. 6 While the absolute value of W c is small, it is worth noting that in all hole doped cuprates that have been studied, 74 ,75 1 S Ӎ 1 N all ready at 2⌬, and this equality continues throughout the experimentally available range (ϳ20⌬).
The analysis of Eq. ͑6͒ reveals the energy scale of the electronic states that make up the superconducting condensate. In order to determine the relative amount of s originating from ϾW c we define the normalized missing spectral weight ͑NMSW͒ as ⌬K(T)/ s (T). This ratio gives the fraction of the total ␦-function spectral weight drawn from ϾW c ϭ8⌬. The NMSW is plotted as a function of reduced temperature in Fig. 12 . This fraction is close to 1 below 0.5T c , but increases well above 1 as T→T c . The inequality ⌬K(T)/ s (T)Ͼ1 means that in addition to the growth of s at ϭ0, the finite frequency spectral weight at ϽW c increases below T c . While there has been an effort to understand the NMSW in other cuprates where 0 Ͻ⌬K/ s Ͻ1, 73,76 -80 there is currently no theoretical basis in which to understand the inequality ⌬K/ s Ͼ1.
In order to clarify the role of the cutoff W c in the analysis of the energy scales involved in the formation of the superconducting condensate we repeat our analysis with a model BCS system. In conventional superconductors which follow the BCS formalism the formation of s is always accompanied by a decrease in low frequency 1 () at TϽT c , in accord with Eq. ͑4͒. The inset of Fig. 12 gives an example of 1 () for a BCS superconductor in the dirty limit. 81 In the superconducting state of the model 1 () is zero below 2⌬, then increases sharply and merges with the normal state conductivity. half of s is drawn from ϾW c . However, with W c ϭ8⌬, similar to our experimental cutoff, only 7% of s comes from ϾW c . This example merely reflects the fact that in the BCS model of superconductivity the electronic states that form the condensate lie near the Fermi energy. In contrast, the differences seen in the NMSW of NCCO indicate that s is being collected from an extended energy range, by far exceeding the superconducting gap.
In BCS theory, there is only one energy scale involved in superconductivity: the superconducting gap, ⌬. However, the data for NCCO suggests that ⌬ plays little if any role in determining the region from which s is collected. This indicates that there is an additional energy scale which is greater than 8⌬, in cuprate superconductors. 73, 80 Studies of the doping dependence of the NMSW in Tl 2 Ba 2 CuO 6ϩ␦ ͑Ref. 82͒ and YBa 2 Cu 3 O 6ϩ␦ ͑Ref. 75͒ have found this effect to be largest in underdoped compounds. The conclusion drawn from these experiments is that when the normal state is incoherent, with low spectral weight, the superfluid is derived from high energies. As a more coherent response develops at low frequencies, the superfluid is formed from this spectral weight near ϭ0. The incoherent conductivity which drives the source of s to higher energies has been linked to the normal state pseudogap. 75 For technical reasons we were not able to observe a pseudogap in the c-axis conductivity of NCCO. 83 However, the extremely small values of 1 () along with the absence of any obvious Drude peak in the interlayer conductivity is consistent with strongly incoherent transport. The source of the large NMSW shown in Fig. 12 is likely to be tied to the incoherent conductivity as in the hole doped cuprates.
V. CONCLUSIONS
To conclude we find several similarities between NCCO and the hole doped cuprates. The analysis of 1/() provides strong evidence for a pseudogap in the electron side of the cuprate phase diagram. In addition, the trends seen in the evolution of 1/() from the underdoped AF sample to the optimally doped SC sample closely follow the behavior of the hole doped cuprates. In NCCO the pseudogap energy scale ⌰ is more than an order of magnitude greater than 2⌬. This result implies that, at least in NCCO, the pseudogap and superconducting gap are not the same.
The peak seen in the in-plane conductivity, along with a low value of s is often observed in disordered hole doped cuprates. Disorder in low dimensional materials, such as the cuprates, often results in charge carrier localization. However, the nontrivial topology of the Fermi surface in the cuprates may lead to a coexistence of localization features in 1 () with metallic dc transport.
A sum rule analysis of the c-axis conductivity reveals similar trends as is observed in hole doped cuprates. Namely, the spectral weight that is transferred to the delta-function peak at ϭ0 below T c originates from an energy range in excess of 8⌬. This is fundamentally different from the behavior of conventional superconductors, and indicates a large energy scale is involved in superconductivity in both electron and hole doped cuprates. In addition a comparison of the normal and superconducting properties in NCCO clearly places it in the same universality class as the hole doped cuprates as opposed to other conventional layered superconductors. 
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